Beclin-1 (BECN1) is an essential component of macroautophagy. This process is a highly conserved survival mechanism that recycles damaged cellular components or pathogens by encasing them in a bilayer vesicle that fuses with a lysosome to allow degradation of the vesicular contents. Mutations or altered expression profiles of BECN1 have been linked to various cancers and neurodegenerative diseases. Viruses, including HIV and herpes simplex virus 1 (HSV-1), are also known to specifically target BECN1 as a means of evading host defense mechanisms. Autophagy is regulated by the interaction between BECN1 and Bcl-2, a pro-survival protein in the apoptotic pathway that stabilizes the BECN1 homodimer. Disruption of the homodimer by phosphorylation or competitive binding promotes autophagy through an unknown mechanism. We report here the first recombinant synthesis (3-5 mg/L in an Escherichia coli culture) and characterization of full-length, human BECN1. Our analysis reveals that full-length BECN1 exists
as a soluble homodimer (K D ~ 0.45 μM) that interacts with Bcl-2 (K D = 4.3 ± 1.2 μM) and binds to lipid membranes. Dimerization is proposed to be mediated by a coiled-coil region of BECN1. A construct lacking the C-terminal BARA domain but including the coiled-coil region exhibits a homodimer K D 3.5-fold weaker than that of full-length BECN1, indicating that both the BARA domain and the coiled-coil region of BECN1 contribute to dimer formation. Using site-directed mutagenesis, we show that residues at the C-terminus of the coiled-coil region previously shown to interact with the BARA domain play a key role in dimerization and mutations weaken the interface by ~5-fold.
Graphical abstract
Macroautophagy (hereafter called autophagy) is a highly conserved catabolic process in eukaryotes that maintains cellular homeostasis via lysosomal degradation. 1 Assembly of the initial double-membrane autophagosome vesicle is guided by autophagy-related proteins that capture aggregated or degraded macromolecules, damaged organelles, and pathogens. 2 Fusion of the autophagosome with a lysosome initiates degradation of the vesicle cargo. Autophagy has also been shown to play roles in inflammation, neurodegeneration, immunity, etc. [3] [4] [5] [6] [7] Beclin-1 (BECN1) is a rate-limiting component of autophagy and a haplosufficient tumor suppressor that is essential for embryonic development. 8 Moreover, this protein is a core component in two phosphatidylinositol-3-kinase (PI3K) complexes that are involved in either nucleation or maturation of the autophagosome. 9 BECN1 is a 450-amino acid protein that is comprised of four structurally distinct regions ( Figure 1A) : (1) an intrinsically disordered region (IDR, residues 1-130) that contains a BH3 motif (residues 105-130), 10 (2) a flexible helix domain (residues 141-171), 11 (3) a coiled-coil (CC) domain (residues 175-264), 12, 13 and (4) a membrane binding β/α-repeated, autophagy-related (BARA) domain (residues 265-450). 14 The previously reported evolutionarily conserved domain (ECD, residues 248-337) overlaps with the 17 C-terminal residues of the CC and N-terminal half of the BARA domains. 15 Huang and co-workers crystallized a truncated form of the ECD/BARA domain of human BECN1 (residues 248-450), which contained a portion of the CC domain (residues 248-265), and showed that this protein exists as a single globular domain with trifold symmetry and no stand-alone structural features for the ECD component. 14 A similar observation was made for the BARA domain of Atg6, the yeast homologue of BECN1. 16 We therefore simplify the nomenclature of the ECD/BARA domain herein by referring to this region of BECN1 as only the BARA domain. 16, 17 Pro-survival Bcl-2 and Bcl-2 homologues (e.g., Bcl-xL) are known to downregulate autophagy by binding to the BH3 motif of BECN1. [18] [19] [20] Bcl-2 is believed to stabilize the inactive BECN1 homodimer as a 2:2 complex on the endoplasmic reticulum (ER) membrane. 20 Crystal structures of the truncated yeast or human CC domain show an antiparallel orientation of the BECN1 homodimer. 12, 13 Several viruses also target the BECN1 BH3 motif with Bcl-2-like proteins to block autophagy as a survival mechanism. 21, 22 Disruption of the Bcl-2/BECN1 complex, via phosphorylation of the BH3 motif or competitive disruption, will therefore initiate autophagy. [23] [24] [25] [26] How BECN1 undergoes the transition from the inactive homodimer to an active PI3K complex is currently unresolved; however, a mechanism for controlling the BECN1 monomer-dimer switch has been proposed for Bcl-xL and UVRAG. 27 Low-resolution crystal (4.4 Å) and EM (28 Å) structures of the PI3K complexes from human and yeast show BECN1 in an extended conformation that spans one axis of the heterocomplex. Both complexes contain a single BECN1 protein in a 1:1:1:1 stoichiometry with the other PI3K proteins, where the BECN1 CC domain is aligned in a parallel orientation with the CC domain of either ATG14 or UVRAG. 9, 28, 29 We present the first characterization of full-length, recombinant, human BECN1 expressed in milligram quantities from Escherichia coli. A combination of biochemical and biophysical techniques was used to show that the full-length BECN1 protein exists as a soluble, folded, homodimer with an elongated structure in solution. Binding experiments between either the wild type or a mutant form of full-length BECN1 and Bcl-2 or liposomes agree well with published reports of truncated BECN1 domains. Full-length BECN1 exhibits a propensity to form the homodimer (K D ~ 0.45 μM) that is stronger than that of the isolated CC domain (48 μM) . 13 We also compare the full-length protein to two truncated forms of BECN1 ( Figure 1A ): (1) the BARA domain (residues 248-450) and (2) a BARAless construct that contains the complete set of domains that are N-terminal to the BARA domain (residues 1-265). We define this latter construct as BECN to clearly differentiate the nomenclature from the BARA domain construct. These data, together with analysis of the crystal structure of the BARA domain, 14 led us to hypothesize that BECN1 homodimerization is strengthened by interactions between the CC and BARA domains. In support of this hypothesis, mutations of residues at the proposed interface destabilize the ability of full-length BECN1 to form a homodimer by ~5-fold. A similar mutant was recently reported in this region using a truncated CC/BARA construct. 30 
MATERIALS AND METHODS

Peptide Synthesis
A peptide composed of residues 97-126 of the BECN1 sequence (FTLIGEASDGGTMENLSRRLKVTGDLFDIM) was synthesized and purified by the Tufts Core Facility (Medford, MA) using automated, solid-phase, Fmoc synthesis and purified by high-performance liquid chromatography (HPLC). The peptide was solubilized at 10 mM in dimethyl sulfoxide and stored at −20°C until it was needed. The peptide was thawed and diluted into buffer before use.
Expression and Purification of Full-Length BECN1
The BECN1 gene (UniProt entry Q14457) was optimized for expression in E. coli (GeneArt, Life Technologies) and cloned into a novel suite of pET21b vectors, each having a different N-terminal tag (i.e., His 6 , His 6 -SUMO, His 6 -GST, His 6 -MBP, or His 6 -Trigger Factor) using the Golden Gate strategy. 31 All N-terminal tags were followed by two protease cleavage sites (i.e., thrombin and TEV) for removal of the solubility tag. A C-terminal FLAG-AviTag was used for the initial tracking and identification of BECN1 throughout the purification process but later omitted from the construct with a stop codon. Protein expression for each set of vectors was tested in five strains of E. coli: One Shot BL21 Star (DE3) (ThermoFisher), Arctic Express (Stratagene), Origami B(DE3) (Novagen), SHuffle T7Express (New England BioLabs), and SHuffle K12 competent cells (New England BioLabs). SHuffle T7 Express E. coli (New England Biolabs) gave the highest level of overexpression of soluble BECN1 fusion proteins and was used for subsequent experiments. Large-scale expression of BECN1 fusion proteins was performed by growing cultures in TB at 37°C with orbital shaking at 180 rpm to mid-log phase (A 600 ~ 0.6-0.8), cooling cultures to 18°C for 30 min before induction with 0.5 mM isopropyl β-D-1-thiogalactopyranoside, and growing the induced cultures for 18 h at 18°C. Cell pellets were harvested via centrifugation and stored at −50°C.
The procedure for purifying full-length BECN1 is shown in Figure 1B . Purification of the fusion protein began by resuspending thawed cell pellets in lysis buffer [50 mM Tris (pH 8), 500 mM NaCl, 10% glycerol, 20 mM imidazole, 0.5 mM TCEP, 1× Roche protease inhibitor, and 1× lysonase] in ~10 mL of lysis buffer per gram of cell pellet. Cells were broken via two passes through a microfluidizer (Avestin, Inc.) at 4°C and 18000 psi. The lysates were centrifuged to remove insoluble material and filtered (0.2 μm) before being loaded on a 20 mL Ni 2+ -charged HiTrap column (GE Life Sciences). The column was washed with 3-5 column volumes of wash buffer [25 mM Tris (pH 8), 500 mM NaCl, 10% glycerol, and 0.5 mM TCEP] containing 20 mM imidazole, and bound protein was eluted with a linear gradient of imidazole. The HiTrap product was passed over a preparation grade Superdex 200 26/600 GL column (GE LifeSciences) using an isocratic elution in wash buffer to remove soluble aggregates and low-molecular weight contaminants. The dimeric BECN1 fusion protein was isolated and digested overnight with His-tagged TEV protease [1:20 (w/w)] at 4°C. The next day, the digested sample was rebound to a Ni 2+ -charged HiTrap column and eluted with 3-5 column volumes of wash buffer with 20-30 mM imidazole. The protein was then either concentrated and frozen at −80°C or further purified with a Superdex 200 column to remove residual aggregates before analysis. A typical purification of the Trigger Factor construct of full-length BECN1 yielded 3-5 mg of fulllength BECN1 per liter of culture. Sample purity was estimated to be ≥80% full-length BECN1 by both densiometric analysis of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using ImageJ ( Figure 1C ) and ultracentrifugation ( Figure 1D , described below). Attempts to remove the degraded product with additional reducing agent (≤2 mM) or Arg/Glu mixtures 32 had no effect on the final product. The mass of the BECN1 monomer (calculated mass, 51953 Da; observed mass, 51952 Da) was confirmed by liquid chromatography and mass spectrometry (LC-MS). Western blot analysis of the protein product was performed using a BECN1 primery antibody (Abcam catalog no. 62557) and a secondary nanobody-HRP fusion (Abcam catalog no. 191866). Purified BECN1 protein was quantified via ultraviolet-visible (UV-vis) analysis using an ε 280 of 54890 M −1 cm −1 .
Investigation of the degradation product observed during SDS-PAGE analysis of full-length BECN1 was conducted in two ways. First, a second BECN1 construct with a C-terminal FLAG tag was used in select experiments to determine that at least one component of the degradation product was the C-terminal portion of BECN1. An anti-FLAG primary antibody fused to HRP (Sigma-Aldrich catalog no. A8592-1mg) was used. The second analysis involved excision of each SDS-PAGE band and peptide mapping using the Proteomics Core Facility at the Whitehead Institute (Cambridge, MA). Peptides from both termini of BECN1 were observed in the excised band for the degradation product.
The number of reduced sulfhydryls in the full-length BECN1 protein was quantified using Ellman's reagent (Thermo Scientific). The protein was solvent-exchanged into 100 mM phosphate buffer (pH 8.0) with 1 mM EDTA using a Superdex 200 Increase 10/300 GL column. The assay was then performed according to the manufacturer's protocol. The assay reported an average of 8.4 ± 0.3 reactive sulfhydryl moieties, which supports the fact that there are no disulfide bonds in the full-length BECN1 protein, consistent with the LC-MS data.
The V250/M254/L261A mutant of full-length BECN1 was created using QuikChange mutagenesis (Stratagene) with the following primers: V250A/M254A, GAACTGAAAAGCGCTGAAAATCAGGCGCGTTATGCACAG (forward) and CTGTGCATAACGCGCCTGATTTTCAGCGCTTTTCAGTTC (reverse); L261A, GCACAGACCCAGGCGGACAAACTGAAAAAAACGAATG (forward) and CATTCGTTTTTTTCAGTTTGTCCGCCTGGGTCTGTGC (reverse). Each mutated residue is underlined in each primer. Purification of the mutant protein was performed as described above.
Expression and Purification of Truncated BECN1 Domains
Two truncated forms of BECN1 were made for comparison with the full-length protein: BECN 1-265 (residues 1-265) and BARA (residues 248-450). Each truncation protein was cloned into a pET21b vector with an N-terminal hexahistidine tag followed by thrombin and TEV protease cleavage sites. Each vector was independently transformed into One Shot BL21 Star (DE3) E. coli cells (ThermoFisher).
Expression and purification of BECN 1-265 were performed as described above for BECN1. Sample purity was estimated to be ≥90% by SDS-PAGE with image analysis using ImageJ ( Figure 1C ). LC-MS of the BECN 1-265 sample showed the presence of two major species, at 30529 and 30534 Da. Both values are relatively close to the calculated value of 30533 Da but indicate that some disulfide character exists in roughly 50% of the population (even with 0.5 mM TCEP). Sulfhydryl analysis of purified BECN 1-265 was performed using Ellman's reagent as described above for the full-length protein. On average, 2.0 ± 0.2 of the six cysteines in the BECN 1-265 sequence were reactive to the Ellman's reagent, confirming the LC-MS analysis result that two disulfide bonds exist in the BECN 1-265 construct. Expression and purification of BARA were performed as described above for BECN1, except an S75pg 26/600 column was used in place of the S200pg 26/600 column. BARA sample purity was estimated to be ≥95% by SDS-PAGE using ImageJ ( Figure 1C ), and the mass of the BARA monomer was confirmed by LC-MS to be 23657 Da.
Expression and Purification of Human Bcl-2
Residues 1-218 of the Bcl-2 gene (UniProt entry P10415) were optimized for expression in E. coli (GeneArt, Life Technologies) and cloned into a pET28a vector with an N-terminal His 6 -MBP solubility tag with a TEV cleavage site to remove the tag. Expression and purification of Bcl-2 were performed as described above for BECN1. Bcl-2 sample purity was estimated to be ≥95% by SDS-PAGE, with image analysis using ImageJ, and the mass of the Bcl-2 monomer was confirmed by LC-MS to be 24256 Da. Purified protein was quantified via UV-vis analysis using an ε 280 of 43430 M −1 cm −1 . Aliquots were concentrated to >100 μM and frozen at −80°C until they were used.
Circular Dichroism (CD)
CD spectroscopy was used to estimate the secondary structure and melting temperature (T M ) of BECN1 proteins. Both experiments were performed using a J-815 CD spectrophotometer (Jasco). For secondary structure analysis, proteins were thawed on ice and solventexchanged into 50 mM phosphate buffer (pH 7.4) using an S200 Increase 10/300 GL column (GE Life Sciences). Samples were prepared at 1-3 μM, and spectra were recorded in a 2 mm path-length quartz cuvette from 260 to 190 nm at a rate of 2 nm/min and 20°C. The resulting spectra were the average of three scans after subtraction of a buffer blank. Secondary structure analysis was performed using three online servers: K2D3, 33 Perry, 34 and BestSel. 35 For T M analysis, proteins were solvent-exchanged either by dialysis (1:1000) or by size exclusion chromatography (SEC) against 25 mM Tris (pH 8), 150 mM NaCl, and 0.5 mM TCEP at 4°C and loaded into a 2 mm quartz cuvette at 0.1 mg/mL. The sample was then heated from 5 to 90°C at a rate of 2°C/min using a Peltier controlled sample cell. Protein denaturation was assessed by monitoring the loss of the signal at 222 nm. Curves were fit using a single or double Boltzmann equation. 30 
Size Exclusion Chromatography (SEC)
The BECN1 homodimer was characterized using SEC by varying the salt or protein concentration. In both experiments, BECN1 was buffer-exchanged by SEC or dialysis (1:1000) against 25 mM HEPES (pH 7.5), 150-500 mM NaCl, and 0.5 mM TCEP at 4°C, concentrated using a YM-30 Centricon (Amersham), and stored on ice until it was used. BECN1 was diluted into the appropriate buffer and incubated for 30 min at room temperature prior to SEC analysis in the corresponding running buffer. Chromatograms were collected with a Superdex 200 5/15 GL Increase column (GE LifeSciences) at a rate of 0.4 mL/min using an Agilent 1100 HPLC system (Agilent Technologies,) coupled to miniDAWN TREOS light scattering and OptiLab T-rEX refractive index detectors (Wyatt Technology Co.). Protein elution was monitored at 280 nm, and the area under the curve was calculated for each species. Light scattering data were fit using Astra version 6.1. 
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Analytical Ultracentrifugation
Two types of sedimentation experiments were performed using a ProteomeLab XL-1 ultracentrifuge (Beckman Instruments). Prior to each experiment, the aggregate was removed from the protein sample using a Superdex 200 Increase 10/300 GL column in 25 mM HEPES (pH 7.5), 150 mM NaCl, and 0.5 mM TCEP. The first experiment assessed sample purity using sedimentation velocity. These experiments were conducted in an An50 Ti rotor at 42000 rpm and 20°C. Samples were allowed to equilibrate at 20°C for 1 h prior to the start of the experiment. Absorbance data were collected at 280 nm and fit as a function of sedimentation coefficient distributions [c(s) analysis] in SedFIT. 36, 37 SedNTerp was used to calculate the partial specific volume (0.72846 mL/g), buffer density (1.0064 g/mL), and buffer viscosity (0.010034 cP) parameters. 38 The second set of experiments used high-speed sedimentation equilibrium and was performed to determine the binding affinity of the BECN1 homodimer. 39 These experiments were conducted at 4°C using an An60 Ti rotor at 9500, 12000, and 19000 rpm. SedNTerp was used to calculate the partial specific volume, buffer density, and buffer viscosity parameters used for fitting. 38 Absorbance data were collected at 280 nm. Data were fit using SedPHAT. 37, 40 Images were generated using GUSSI. 41
Isothermal Titration Calorimetry (ITC)
ITC experiments were conducted with an automated MicroCal (Amherst, MA) VP-ITC instrument. Proteins were dialyzed (1:1000) against two changes of ITC buffer [25 mM HEPES (pH 7.5), 150 mM NaCl, and 0.5 mM TCEP] at 4°C. Bcl-2 was loaded into the sample syringe (225-250 μM) and titrated into the BECN1 sample (9-20 μM) as 2 μL injections at 25°C. Titration data were corrected for the heats of injection and fit using Origin 7.0 (OriginLab, Wellesley, MA).
Lipid Binding Assays
Liposome float assays were performed using a step sucrose gradient (0, 40, and 50%) as described by Huang et al. 14 L-α-Phosphatidylcholine (PC, chicken egg), L-αphosphatidylethanolamine (PE, chicken egg), L-α-phosphatidylserine (PS, porcine brain), Lα-phosphatidylinositol (PI, bovine liver), and cardiolipin (CL, bovine heart) lipids were purchased in chloroform (Avanti Polar Lipids). Liposomes were assembled at a PC:PE:PS:PI:CL ratio of 47:28:9:9:7, extruded using a membrane with 100 nm pores, and sized using a MALS detector. SDS-PAGE, with ImageJ analysis, of the top fraction was used to compare the relative amount of BECN1 bound to liposomes.
Dynamic Light Scattering (DLS)
Samples (20 μL) were prepared at a protein concentration of 8 μM and incubated alone or with liposomes (0.6 mg/mL) in a 384-well plate (Corning catalog no. 8794BC) at 25°C. Measurements were taken at 5-10 min intervals, with 10 acquisitions per measurement, using a DynaPro Plate Reader II (Wyatt Technology Co.). Liposomes were prepared as described above. Analysis was done using Prism 7.
H-15 N SOFAST-HMQC
Uniformly 15 N-labeled BARA protein was prepared using published methods. 42 The labeled protein was solvent-exchanged into binding buffer by two changes of dialysis buffer (1:1000) at 4°C. NMR spectra of 30-35 μM 15 N-labeled BARA with and without increasing amounts of BECN 1-265 and unlabeled BARA were recorded at 298 K using a 600 MHz Bruker Avance III NMR instrument (Bruker Co.) equipped with a 5 mm Cryo-QCI probe and a SampleJet for sample handling. 1 H-15 N SOFAST-HMQC spectra were recorded using published methods by collecting 128 increments of 512 complex points using 96 transients with a 70 ms interscan delay. 43 Data were analyzed using TopSpin version 3.5.
Molecular Modeling
The coordinates deposited in the RCSB Protein Data Bank (PDB) for the BARA domain (entry 4DDP) were used as the starting coordinates for the protein and imported into MOE. 44 Upon inspection of the F 0 electron density maps generated by the PDB Redo server at 1.5σ, there was little to no resolvable electron density for the positions of residues 265-272, which linked the helix to the larger protein. These residues were removed or not added in subsequent steps. Solvent atoms were removed, and missing side chains and backbone atoms in the 387-389 loop were added as highest-probability rotamers and ϕ and ψ angles.
Hydrogens were then added and adjusted using the Protonate3D routine in MOE, which assigns the most likely ionization state of amino acids, the tautomer state of His, Glu, and Asp, and rotamers of the alcohol or thiol of Ser, Thr, Cys, and Tyr. C-Terminal breaks were capped by N-CH 3 , and N-terminal breaks were capped by acetyl (C=OCH 3 ) to avoid strong charge effects during minimization. The structure was then minimized using the AMBER10 force field 45 with fixed backbone atoms followed by full optimization of the protein. Images were produced in PyMol after removing the capping groups and the nonhelical Lys248 for better visualization using a default surface rendering (Connoly surface with a 1.4 Å radius probe). The contact surface was colored orange on the basis of the sum of van der Waals distances between partners plus a tolerance of 0.5 Å.
RESULTS
A Soluble Form of Full-Length BECN1 Can Be Expressed in E. coli in Milligram Quantities
The full-length BECN1 gene was cloned into modified pET21b vectors with different Nterminal solubility tags. The greatest yields were obtained with an N-terminal affinity tag comprised of a polyhistidine sequence and either the maltose binding protein (MBP) or the chaperone protein Trigger Factor (TF). While both constructs produced similar yields, the TF fusion gave a significantly more homogeneous product after TEV cleavage as assessed by SEC. The TF fusion was therefore used for all subsequent preparations of full-length BECN1. The level of overexpression for all constructs was greatest in E. coli strains with cytoplasmic environments enhanced for disulfide bond formation (i.e., Origami B, SHuffle). A reducing agent was required throughout the purification to reduce the level of formation of soluble aggregates. A typical purification yielded 3-5 mg of the full-length BECN1 protein per liter of bacterial culture. The LC-MS value of full-length BECN1 (51951.8 ± 0.5 Da) was within error of the calculated mass (51953 Da). The relative sample purity was determined to be ≥80% using a combination of ImageJ analysis of SDS-PAGE and integration of the peaks observed in sedimentation velocity experiments. The major impurity that co-purified with BECN1, with an apparent mass of 35 kDa ( Figure 1C ), was identified by Western blots of N-and C-terminal epitopes to be a degradation product (see Materials and Methods).
The BECN1 Homodimer Exhibits an Elongated Structure in Solution
Sedimentation velocity experiments resolve a single major protein population (83% of the signal; S w = 3.97 S; S w,20 = 4.07 S) that agrees well with the SDS-PAGE densitometric analysis using ImageJ and likely represents the full-length BECN1 protein ( Figure 1D and Figure S1 ). These sedimentation velocity data were best modeled with a frictional ratio consistent with an ellipsoid particle (f/f 0 = 1.52). This ratio indicates a structure for the fulllength protein that is more compact than that reported for truncated forms of the IDR alone (residues 1-150; f/f 0 = 2.2), 10 BH3/CC (residues 95-266; f/f 0 =1.96), 27 or the CC domain alone (residues 133-266; f/f 0 = 2.01) 27 but less compact than that of globular proteins like BSA (f/f 0 = 1.3). 46 A nonspherical shape for the full-length protein is further supported by SEC experiments at 4°C that reveal a single species eluting with an apparent molecular weight of ~300 kDa ( Figure 1E ). SEC coupled with multiangle light scattering (MALS) gave an observed mass of 111.6 kDa that agrees well with the calculated dimer mass of 103.9 kDa ( Figure S2 ).
The SEC and ultracentrifugation data indicate that BECN1 exhibits a larger than expected hydrodynamic radius for a homodimer, which is typical of nonspherical proteins or proteins with large unstructured regions. 10 We used DLS to estimate the approximate hydrodynamic radius of the full-length and truncated BECN1 constructs in solution. BARA had an experimental radius of 1.4 nm, which indicates that the BARA domain assumes a compact, globular structure in solution. Experimental radii for the BECN 1-265 and full-length BECN1 protein were 5.7 and 7.6 nm, respectively. Elongated radii for the BECN 1-265 construct and full-length BECN1 protein strongly agree with the observations from AUC, SEC, and SEC-MALS experiments.
The Full-Length BECN1 Structure Is Largely Disordered, but Thermally Stable, in Solution
The relative secondary structure of the full-length protein and truncated domains was assessed using CD spectroscopy ( Figure 1F ). Each sample produced CD spectra with a curve that represents a well-folded structure with different mixtures of secondary structure elements. The spectra of the full-length BECN1 protein lie between the limits of the BECN 1-265 and BARA constructs but do not appear to be the average of the two constructs. The most notable qualitative changes in CD spectra are the shifted position and amplitude of the spectral minima near 208 and 222 nm, which classically define proteins with a high helical content. 47 The full-length protein exhibits minima at 208.4 and 221.4 nm, each with a similar signal intensity. The BECN 1-265 construct has a pronounced blue shift in the minimum at 206.8 nm that indicates a structure more disordered than that of the WT protein and has a second weaker minimum at 222.0 nm. The BARA construct has a prominent minimum at 220 nm and a shoulder around 210 nm.
We used three online servers for a more quantitative comparison of the amount of secondary structure for each set of spectra and to test for consistency in the structural calculations (see Materials and Methods). The results of the calculations are summarized in Table 1 . Calculation of the secondary structure content of the BARA construct from the CD spectra agrees fairly well with the observed secondary structure in the crystal structure (PDB entry 4DDP). 14 Similarly, the calculations for the BECN 1-265 construct predict 34% α-helical content, which is consistent with the expected 91 residues that would form the CC domain. The 13% β-sheet content of the BECN 1-265 construct is unexpected because published NMR and CD data of the IDR (residues 1-150) show no significant secondary structure. 10 We therefore believe one of two scenarios will likely explain the β-sheet content in the BECN 1-265 construct. (1) There is induced β-sheet structure in the IDR from interactions with the CC domain, or (2) there is induced β-sheet structure in the IDR from disulfide bonds. Attempts to denature the disulfide bonds with excess TCEP were unsuccessful and not extensively pursued because the BECN 1-265 construct performed as expected in functional assays (vide infra). The full-length BECN1 protein exhibited an amount of αhelical content similar to that of the BARA domain and the smallest amount of β-sheet character of the three samples. We interpret this result as there simply being more disordered structure within the IDR of the full-length protein, especially in the absence of the disulfide bonds observed in the BECN 1-265 construct.
Thermal melts of the full-length BECN1 protein, the BECN 1-265 construct, or the BARA construct using CD spectroscopy each revealed a single T M value of 33, 25, or 41°C, respectively ( Figure 1G ). The T M of our BARA construct agrees with the published value, 14 where the T M of the BECN 1-265 construct is notably lower than that of the full-length protein (ΔT M = −7°C) and reported values for the truncated human CC (T M = 34°C) 30 and rat CC (T M = 40°C) 12 constructs. Interestingly, a recent publication by Sinha and co-workers shows a biphasic set of transitions (T M values of 23.9 and 49.0°C) for BECN1 (residues 175-450; F359D/F360D/W361D). This construct comprised the coiled-coil and BARA domains and also contained three point mutations in the "aromatic finger" of the BARA domain, which increased the stability of the protein. 30 These transitions were proposed to represent the T M of the coiled-coil and BARA domains. We conducted additional thermal melt experiments closer to their buffer system [10 mM phosphate (pH 7.4) and 100 mM (NH 4 ) 2 SO 4 ] or under conditions with no added salt, 100 mM NaCl, or 500 mM NaCl to determine whether we could generate differential melting events with our full-length BECN1 protein ( Figure S3 ). In phosphate buffer alone, BECN1 exhibits a T M of 31°C. All three salt conditions yielded melting transitions with a single event that fit to a T M value of 33°C. Hence, we conclude that the unaltered, full-length BECN1 protein melts in a single, cooperative process. The difference between our results and those of Glover et al. may be due to their use of a truncated BECN1 construct and/or the presence of the three point mutations in the BARA domain that gave rise to greater protein stability (△T M = +5°C). 14
Bcl-2 Binds More Tightly to Full-Length BECN1 Than to the Isolated BH3 Peptide
BECN1 is a BH3-only protein. 48 Bcl-2 inhibits autophagy by binding to the BH3 domain of BECN1. 20, 49, 50 This BH3 motif is an amphipathic helix that is largely disordered when free in solution and assumes a helical structure upon binding to Bcl-2. 10 To confirm that the 
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Author Manuscript bacterially produced constructs recapitulate the Bcl-2-BECN1 interaction, we performed ITC experiments between Bcl-2 and three forms of BECN1 that contain the BH3 motif: a BECN1 BH3 peptide (residues 97-126), BECN 1-265 , and full-length BECN1 (Figure 2 and Table 2 ). Titrations of Bcl-2 into solutions of the BH3 and BECN 1-265 domains yielded similar K D values (9.6 ± 2.2 and 9.1 ± 1.1 μM, respectively). These data are consistent with literature values for a shorter BECN1 BH3 peptide (residues 105-130; K D = 8.0 ± 0.2 μM) or the BECN1 IDR (residues 1-135; K D = 8.6 ± 1.2 μM). 51 ITC experiments with the fulllength BECN1 protein produced a K D of 4.3 ± 1.2 μM, roughly 2-fold tighter than the shorter constructs.
Full-Length BECN1 Preferentially Binds to Cardiolipin-Containing Liposomes
The BARA domain of BECN1 was first shown to bind to and deform liposomes that mimic Xenopus laevis mitochondria. 14 Moreover, the authors showed that cardiolipin specifically enhances the ability of the BARA domain to interact with liposomes. We tested whether the bacterially produced, full-length BECN1 protein behaved like the BARA construct by mixing it with liposomes that contain or lack cardiolipin. These mixtures were analyzed by either a liposome float assay that measured the ability of BECN1 to bind liposomes or a kinetic assay that monitored an increase in average liposome size over time. For liposome float assays, the mixture was added to a high-density sucrose solution, layered under lowerdensity solutions, and centrifuged until equilibrium was achieved. Liposomes are lowdensity structures that float to the top of the density gradient during the ultracentrifugation run. ImageJ was used to analyze SDS-PAGE gels of the relative protein content for the top fraction of each gradient. The bacterially produced, full-length BECN1 protein showed a 4-5-fold preferential binding to liposomes containing cardiolipin over those that do not ( Figure 3A) .
The BARA domain has been shown to bind and deform liposomes using electron microscopy and kinetic DLS experiments. 14 We replicated the DLS assays using the fulllength BECN1 to test whether it could deform liposomes as a function of an increased average hydrodynamic radius of extruded liposomes. As seen in the liposome float assays described above, the full-length protein preferentially increased the relative size of cardiolipin-containing liposomes (~3.5 times faster) over those without cardiolipin over 90 min at 25°C ( Figure 3B,C) . DLS experiments for BECN showed no ability to alter the size of cardiolipin-containing liposomes ( Figure 3D ). Experiments with the BARA domain showed an appreciable increase in the size of cardiolipin-containing liposomes ( Figure 3E) , which is consistent with the report by Huang et al. 14 Adding the BECN 1-265 construct to the BARA reaction mixtures at 0.25, 1, or 1.5 molar equivalents had an only nominal effect on the activity exhibited by the BARA domain ( Figure 3F ). Control experiments that monitor only protein or liposomes showed no significant change in particle size over the 90 min experiment. Hence, we interpret these findings to mean that the BARA domain, either alone or in the full-length protein, interacts with cardiolipin-containing membranes without any influence of other BECN1 domains.
Full-Length BECN1 Forms a Homodimer with Submicromolar Affinity
Full-length BECN1 forms a homogeneous high-molecular weight species in solution with an observed mass of approximately 110 kDa ( Figure 1E and Figure S2 ) that agrees well with the calculated mass of a homodimer (103.9 kDa). Titration of the loaded amount of fulllength BECN1 in SEC-MALS experiments enabled separation of the monomeric and dimeric species by decreasing the salt concentrations (from 500 to 150 mM) at room temperature ( Figure 4A) . These experiments also used an analytical grade resin that improved separation when compared to that seen with the preparation grade resin shown in Figure 1 . Integration of the respective peaks gave a crude approximation of the K D of 480 ± 54 nM ( Figure 4B ). To provide a more accurate measure of the K D of dimerization, we used sedimentation equilibrium analytical ultracentrifugation to measure the affinity for the BECN1 homodimer in solution. The sedimentation data fit well to a monomer/dimer equilibrium model with a K D of 390 (380, 460) nM ( Figure 4C ). Global analysis of these data estimated the molecular weight of the dominant protein species to be 104.5 kDa, which agreed well with the result of the SEC-MALS experiment and the calculated mass of the BECN1 homodimer. Attempts to measure the homodimer K D using ITC via dissociation heats, which is a method previously employed for the BECN1 CC domain, 12, 13 were unsuccessful because of a lack of observed heats in several attempts and aggregation at the concentrations required for ITC.
The measured homodimer K D is significantly tighter than the value estimated from the isolated CC domain of the human (48 μM) or rat (89 μM) homologue under similar buffer conditions (150 mM NaCl at pH 8). 12, 13 To investigate whether the BARA domain could contribute to dimerization, we repeated the SEC-MALS experiments with the construct BECN 1-265 . SEC-MALS analysis at 100 μM shows an asymmetric peak with an average mass of 40.1 kDa ( Figure 5A ). This mass is larger than that of a monomer (30.5 kDa) and significantly lower than that expected for the dimer (61.1 kDa). Lower concentrations of BECN 1-265 (7.7-15 μM) elute as a symmetric peak with an average mass of 30.4 kDa ( Figure S4A ) and resolve the mass of the pure monomer. Together, these data indicate that the BECN 1-265 construct forms a weakly associated homodimer that dissociates as it elutes over the column. We were unable to determine an accurate K D from discernible species in these SEC-MALS experiments. Using sedimentation equilibrium analytical ultracentrifugation, we estimate the homodimer K D for the BECN 1-265 construct to be 1350 (1150, 1540) nM ( Figure S4B ). This value is 3.5-fold weaker than that of the full-length BECN1 protein and should be observable in SEC-MALS experiments at 100 μM; however, we attribute the lack of a stable BECN 1-265 dimer to column interactions and significant dilution over the course of the experiment. We also note that the homodimer K D for the BECN 1-265 construct is 35-fold tighter than the value for the isolated human CC domain. 13 Our BECN 1-265 construct contains the entire CC domain used in their study, and we attribute this difference to the experimental methodology. During SEC-MALS experiments, the BARA construct eluted as a predominantly monomeric species in parallel experiments up to 100 μM, but without an observable migration of the elution volume ( Figure 5B 10 used NMR to show that only weak interactions occur between the isolated IDR (amino acids 1-150) and the BARA (amino acids 248-450) proteins and concluded that these domains are essentially noninteracting in the context of the full-length protein. We investigated whether our BECN 1-265 construct, which contained both the IDR and CC domains, contained the missing high-affinity binding site for the BARA domain using NMR as a probe. The 15 N-labeled BARA domain shows many disperse, well-defined peaks that indicate a folded protein with a mixture of secondary structure elements ( Figure 5C ). Titration of BECN 1-265 into the 15 Nlabeled BARA domain sample results in significant peak broadening (average of ~30% for 10 peaks) throughout the spectra ( Figure 5D and Figure S5 ), consistent with an increase in the overall apparent size of the molecule. Interestingly, few significant peak shifts are observed, indicating minimal perturbation of the overall structure of the BARA domain upon interaction with BECN 1-265 . This interaction is presumably weak because both proteins elute independently from a sizing column. To determine if the CC residues from one BARA protein could interact with the BARA domain of another in an intermolecular fashion, we titrated the unlabeled BARA domain into a fixed amount of the 15 N-labeled BARA domain. These spectra show no significant changes in the peak positions or line widths of the twodimensional (2D) NMR spectra up to 100 μM total protein (data not shown). This result supports the SEC-MALS data for the BARA domain that show it exists as a monomeric species and rule out inter-BARA interactions of residues 248-265. Taken together, these results support the hypothesis that residues from BECN 1-265 directly interact with the BARA domain.
Monomeric Mutant of Full-Length BECN1
Inspection of the available crystal structures for the CC and BARA domains reveals an overlapping 17-residue α-helix (amino acids 248-265) that exists in both crystal structures. 13, 14, 52 Moreover, this helix is the C-terminal portion of the CC domain and forms intramolecular contacts with a hydrophobic pocket of the BARA domain ( Figure 6A ). This interaction was first observed in the crystal structure of the BARA domain, which begins at residue 248, and shows this helix folded back on the BARA domain ( Figure 6B ). 14 The buried hydrophobic face of the helix consists of four hydrophobic residues (V250, M254, A257, and L261) that are modestly conserved across eukaryotes ( Figure 6C-E) . We hypothesized that the interactions between these coiled-coil residues and the BARA domain could be involved in stabilizing the BECN1 homodimer and that mutation of the hydrophobic face to alanine residues (V250A/M254A/L261A) would directly weaken the affinity of the full-length BECN1 homodimer.
SEC-MALS experiments with the V250A/M254A/L261A mutant in full-length BECN1 showed a single species with a mass of 50.8 ± 1.6 kDa at ~10 μM, consistent with a BECN1 monomer (~52 kDa), where the wild-type protein is >80% dimeric ( Figure 7A ). Using sedimentation equilibrium analytical ultracentrifugation, we estimated the homodimer K D of the mutant BECN1 protein to be 1860 (1470, 2340) nM ( Figure S6 ). This value is 4.8-fold weaker than that of wild-type BECN1 and comparable to that of the BECN 1-265 construct. The aggregation prone nature of the mutant BECN1 precluded SEC-MALS experiments at higher concentrations.
Comparison of the CD spectra of the mutant with wild-type BECN1 exhibited a clear change in the CD spectra with a 1.4 nm blue shift in the low-wavelength minima (from 208.4 to 207 nm) and a decrease in the overall amplitude ( Figure 7B ). Deconvolution of these spectra estimated the secondary structure content of the mutant to be 41.6 ± 12.0% αhelix and 14.5 ± 6.0% β-sheet. Under the same conditions, wild-type BECN1 was predicted to contain 48.3 ± 11.5% α-helix and 9.6 ± 5.1% β-sheet. The increased β-sheet content of the BECN1 mutant is interesting because it is similar to the β-sheet content of 13.4%
observed in the BECN 1-265 construct. The structural change of the mutant protein is echoed by the drastic change in the thermal melt profile of the V250A/M254A/L261A BECN1 mutant (T M = 15 and 32°C) from that of the single-phase melt for the wild-type protein (T M = 33°C) ( Figure 7C ). We note that the melt data for the BECN1 mutant fit better to the twophase transition (R 2 = 0.999) than they did to the single-phase transition (R 2 = 0.9766). Attempts to fit the melt data of wild-type BECN1 under various salt conditions ( Figure S3 ) to a biphasic model resulted in only a marginal improvement in the fit, where the curve appeared to be monophasic (data not shown). Moreover, the biphasic fit of the mutant melt is similar to those used for the truncated CC/BARA mutants reported by Glover et al. 30 (T M = 23.9 and 49.0°C or 22.1 and 45.1°C). We speculate that the higher T M values for their truncated constructs may result from inclusion of the "aromatic finger mutations" that have been shown to stabilize the isolated BARA domain by 5°C compared to the wild-type BARA domain. 14 We therefore interpret the altered structural content and T M profile of the mutant protein as further evidence that these residues promote CC-BARA interactions that stabilize the BECN1 homodimer. Indeed, Glover et al. determined that mutation to this overlapping helix weakens the homodimer K D of their CC construct from 45 to 71 μM and that of their CC-BARA AFM construct from 64 to 134 μM. 30 We therefore reiterate that, in the context of the full-length protein, these mutations weaken the homodimer K D by ~5 fold.
DLS analysis of 8 μM mutant BECN1 protein at 25°C yielded a hydrodynamic radius of ~5 nm ( Figure 7D ). This radius is 2.6 nm smaller than that of wild-type BECN1, which is dimeric under these conditions, and further supports the observation that the mutant exists in a monomeric conformation. The effect of these mutations was also observed in liposome binding assays, where the mutant protein exhibited ~35% lower efficiency of liposome modification activity compared to that of wild-type BECN1 ( Figure 7D ). The mutations, however, do not affect the binding of the mutant to Bcl-2, which gave a K D similar to that observed for the wild type (K D = 2.7 ± 0.7 μM; N = 1.0 ± 0.2) ( Figure 7E and Table 2 ).
DISCUSSION
We have demonstrated the first recombinant synthesis of milligram amounts of the fulllength, human BECN1 protein per liter of bacterial culture. This protein lacks post-translational modification and has only minimal scarring (one N-terminal glycine) after TEV cleavage as a result of the recombinant expression process. The full-length BECN1 protein exhibits a folded structure in solution, as determined by CD spectroscopy (Figure 1F ), forms a stable homodimer with an elongated structure (hydrodynamic radius of 7.6 nm) ( Figures  1E and 4A) , and is stable at ambient temperature ( Figures 1G and 3) .
The BECN1 homodimer is of particular interest in this study because we find that the fulllength protein dimerizes with a K D of ~450 nM (Figure 4 ). This value is roughly 100 times tighter than that reported for the isolated CC domain (48 μM) and signifies the presence of regions outside of the traditional CC domain that contribute to dimerization. NMR experiments demonstrate that a stoichiometric mixture of the BECN 1-265 and BARA domains produced a larger complex ( Figure 5C,D) ; however, attempts to purify a stable high-molecular weight species from the truncated domains via SEC were unsuccessful. This result, in combination with a recent review by Sinha and co-workers, 11 directed our attention toward an overlapping helix (residues 248-264) that packs against either a hydrophobic cleft in the BARA domain or a hydrophobic face of the CC domain in various binding partners. 13, 14 The relevance of this overlapping helix is further underscored by our attempts to delete it from the BARA construct, which resulted in a loss of protein expression in E. coli and supports the idea that it directly stabilizes the BARA structure. The weak interaction of the BECN 1-265 and BARA domains in our NMR experiments likely results from a competition of this overlapping helix between the two constructs for the hydrophobic cleft on the BARA domain. We hypothesized that mutation of the hydrophobic face of the overlapping helix to alanine residues would weaken the affinity of the full-length BECN1 homodimer. Indeed, the V250A/M254A/L261A mutant of full-length BECN1 resulted in a predominantly monomeric form of the full-length protein at concentrations at which the wild-type protein is largely dimeric ( Figure 7A ). This result was directly observed in SEC-MALS experiments and a change in the denaturation profile from that of the wild-type protein in CD melts. The role of this overlapping helix for stabilizing the BECN1 homodimer is recapitulated in a recent report of a truncated form of BECN1 that contained analogous mutations in the overlapping helix and stabilizing mutations in the BARA domain. 30 Binding experiments using BECN1 and Bcl-2 show that the full-length protein binds Bcl-2 with an affinity 2-fold higher than that of either the BH3 peptide or the BECN 1-265 construct ( Figure 2 and Table 2 ). Analogous ITC experiments with the V250A/M254A/L261A BECN1 mutant yield a K D with Bcl-2 that is within error of that of wild-type BECN1 ( Figure 7E ). We therefore conclude that the tighter affinity of full-length BECN1 does not result from two Bcl-2 binding sites on the BECN1 homodimer but appears to be related to the presence of the BARA domain. We did not further refine the source of this interaction but note that it is also reflected in differences between the binding enthalpy of the BH3 peptide or the full-length BECN1 protein (−3.8 ± 0.3 or −7.9 ± 0.8 kcal/mol, respectively).
exists primarily within the inner mitochondrial membrane and away from the known areas that are accessible to BECN1.
Lastly, we would be remiss not to comment on the nature of the orientation of the BECN1 homodimer in the context of our results with full-length BECN1. The overlapping helix is clearly an integral component of the BECN1 homodimer because mutations to it drastically weaken the ability of the full-length protein to dimerize. The currently accepted model, however, aligns two BECN1 molecules with antiparallel CC domains and the BARA domains at opposite ends of the CC structure. A simple alignment of the published CC and BARA crystal structures, via the overlapping helix, clearly shows a steric clash between the BARA domain and the N-terminal end of the CC from the partner molecule. 20, 52 The overlapping helix cannot interact with the CC and BARA domains at the same time and possibly means that there is a dynamic equilibrium of the interaction between the overlapping helix and either the BARA domain or the CC domain. Indeed, the overlapping helix has been shown to be structurally labile but to preferentially interact with the BARA domain using a truncated, mutant construct of BECN1. 30 Our results with the full-length protein agree with this conclusion; however, an intriguing possibility that the overlapping helix from one monomer could interact with the BARA domain of a second monomer in a dimer-swap-type model cannot be ruled out. Further experiments are required to further assess either model. 
Author Manuscript
Author Manuscript 
